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Abstract: Kinematic distributions in Higgs decays to four charged leptons, the so called
‘golden channel, are a powerful probe of the tensor structure of its couplings to neutral
electroweak gauge bosons. In this study we construct the first part of a comprehensive anal-
ysis framework designed to maximize the information contained in this channel in order
to perform direct extraction of the various possible Higgs couplings. To that end we first
complete an earlier analytic calculation of the leading order fully differential cross sections
for the golden channel signal and background to include the 4e and 4µ final states with
interference between identical final states. We also examine the relative fractions of the
different possible combinations of scalar-tensor couplings by integrating the fully differen-
tial cross section over all kinematic variables as well as show various doubly differential
spectra for both the signal and background. From these analytic expressions we then con-
struct a ‘generator level’ analysis framework based on the maximum likelihood method. We
demonstrate the ability of our framework to perform multi-parameter extractions of all the
possible effective couplings of a spin-0 scalar to pairs of neutral electroweak gauge bosons
including any correlations. This framework provides a powerful method for study of these
couplings and can be readily adapted to include the relevant detector and systematic effects
which we demonstrate in an accompanying study to follow.
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1 Introduction
With the recent discovery of the Higgs boson at the LHC [1, 2] the focus now shifts to
the determination of its detailed properties and in particular whether or not it possesses
any anomalous couplings not predicted by the Standard Model. Ideally, the constraining
or measuring of these couplings should be done through direct parameter extraction with
minimal theoretical assumptions. The vast literature [3–29] on Higgs decays to four charged
leptons (electrons and muons) through neutral electroweak gauge bosons, the so called
‘golden channel’, suggests that it can be a powerful channel in accomplishing this goal.
In addition, the high precision with which this channel is measured allows for one
of the best opportunities to use analytic methods to analyze data. As has already been
suggested for the golden channel [13, 17, 27] and to be further emphasized here, analytic
methods are optimal for performing direct multi-parameter extraction within a minimal
amount of computing time. Furthermore, as we show in an accompanying study [30, 31],
within an analytic framework one can also include the relevant detector effects in order to
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obtain a ‘detector level’ likelihood in terms of the full set of observables available in the
four lepton final state. Of course other frameworks have also been recently constructed to
study the golden channel (see for example recent Madgraph [21, 32] or JHU generator [27]
based implementations which also include the possibility to study other Higgs decay and
production channels). In this study we construct the first part of a comprehensive analysis
framework, based on a largely analytic implementation, designed to maximize the infor-
mation contained in the golden channel in order to perform direct extraction of the various
effective Higgs couplings.
We begin by extending our previous leading order analytic calculations [33], for both
the signal and background in the 2e2µ final state, to now also include the 4e final state. We
include the interference between identical final states as well as interference between all
intermediate states. Explicitly we calculate for the signal process ϕ → ZZ + Zγ + γγ →
4e/4µ where ϕ is a spin-0 scalar and we have allowed for all possible tensor structures. This
covers all possible couplings of a spin-0 scalar to ZZ, Zγ, or γγ pairs. For the dominant
irreducible background we compute qq¯ → 4e/4µ including both the t and s-channel process
mediated by Z and γ vector bosons. All vector bosons are allowed to be on or off-shell and
we do not distinguish between them in what follows.
After presenting the calculation of the analytic fully differential cross sections, we then
examine various aspects of the golden channel in more detail. First, we isolate the individual
contributions to the golden channel signal by obtaining the ‘partial fractions’ for each possi-
ble combination of tensor structures which can contribution to the ϕ→ ZZ+Zγ+γγ → 4`
(where 4` = 2e2µ, 4e, 4µ) process. This is done by integrating the differential cross section
over the set of kinematic variables for a given phase space. These partial fractions give
an indication of the relative contributions of each component to the golden channel and a
rough picture of the potential sensitivity to the various tensor structures. As part of this
integration we also show a number of doubly differential spectra for signal and background
in the appendix.
We then construct a maximum likelihood analysis using the analytic expressions of
the fully differential cross sections to build the probability density functions (pdfs). This
framework builds upon and extends recent studies which first introduce using analytic
expressions to perform parameter extraction in the golden channel [13, 17, 27]. Using these
analytic pdfs, we study the ability of the golden channel to directly extract the couplings
between a spin-0 scalar and ZZ, Zγ, and γγ pairs. We validate our analysis framework
by performing a number of simplified ‘generator level’ studies. To do this we choose an
example parameter point in which all possible operators are simultaneously ‘turned on’ in
order to demonstrate the validity of our maximization procedure as well as our ability to
simultaneously extract the various couplings as well as their correlations.
Of course a proper treatment of the golden channel requires careful study of detector
resolution and acceptance effects. This also includes an adequate treatment of the produc-
tion variables for both signal and background as well as taking into account higher order
contributions. We leave these issues to an accompanying paper [30] where we construct a
‘detector level’ analysis which includes a treatment of all these issues as well as systematic
uncertainties while retaining the flexibility and speed in parameter extraction which we
present at ‘generator level’ in this study.
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The organization of this paper is as follows: in section 2 we briefly review the kinematics
of the four lepton final state. In section 3 we describe the calculation of the signal fully
differential cross section while in section 4 we describe the calculation of the background
fully differential cross section. In section 5 we examine the relative fractions of all the
possible operators which might contribute to ϕ → ZZ + Zγ + γγ → 4`. We then present
our analysis framework and perform an example parameter extraction to motivate the
possibility of extracting the various couplings directly. We also comment on ongoing and
future studies before concluding in section 6. In the appendix in section A we also show
various 2D projections for both the signal and background in the 4e channel as well as the
relative fractions for a second set of phase space cuts.
2 Kinematic variables
In this section we briefly discuss the set of observables used to parameterize the ϕ →
ZZ + Zγ + γγ → 4` (where 4` = 2e2µ, 4e, 4µ) and qq¯ → 4` fully differential cross sec-
tions. The kinematics of four lepton events are described in detail in [13] and are illustrated
in figure 1. The invariant masses in the system are defined as,
• √s ≡ mϕ — The invariant mass of the four lepton system or equivalently the Higgs
mass for the signal case.
• M1 — The invariant mass of the lepton pair system which reconstructs closest to the
Z mass.
• M2 — The invariant mass of the other lepton pair system.
These variables are all independent subject to the constraint (M1 + M2) ≤
√
s. Note also
that the 4e/4µ final state can be reconstructed in two different ways due to the identical
final state interference. This is a quantum mechanical effect that occurs at the ampli-
tude level and thus both reconstructions are valid. The definitions M1 and M2 remained
unchanged however.
The angular variables are defined as,
• Θ — The ‘production angle’ between the momentum vectors of the lepton pair which
reconstructs to M1 and the total 4` system momentum.
• θ1,2 — Polar angle of the momentum vectors of e−, µ− in the lepton pair rest frame.
• Φ1 — The angle between the plane formed by the M1 lepton pair and the ‘production
plane’ formed out of the momenta of the incoming partons and the momenta of the
two lepton pair systems.
• Φ — The angle between the decay planes of the final state lepton pairs in the rest
frame of the 4` system.
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Θ
Figure 1. Definition of angles in the four lepton CM frame X. Here Z1 and Z2 can be either Z or γ.
We have ignored the off-set angle φ, defining a global rotation of the event which is ‘flat’ and
thus not shown. We can group the angular variables as follows ~Ω = (Θ, cos θ1, cos θ2,Φ1,Φ).
There are also in principal the ‘production’ variables associated with the initial par-
tonic state four momentum. This four momentum defines the invariant mass of the CM
frame (
√
s), as well as the rapidity (Y ) defined as the motion along the longitudinal direc-
tion, and the momentum in the transverse direction (~pT ). In principal the inclusion of Y
and ~pT as observables would increase the discriminating power of the golden channel, but
as we are interested primarily in parameter extraction and these variables introduce addi-
tional systematic uncertainties we do not consider them in our set of observables. When
including detector effects, however, these production variables must be properly accounted
for as we will do in [30].
3 Signal
In this section we present the calculation of the signal fully differential cross section for the
process ϕ→ ZZ +Zγ+ γγ → 4e/4µ. We take ϕ to be a general spin-0 scalar and consider
all possible couplings to any combination of Z and γ pairs allowing for mixtures of both
CP even and odd interactions. We follow closely, with a slight variation in strategy and
notation, the method used in [33] for the calculation of the 2e2µ final state and refer the
reader there for many of the details. Here the only additional calculation needed is that
for the identical final state interference in the 4e/4µ channels. Various validations of the
calculation can be found in the appendix as well as [30, 33], and [31].
– 4 –
J
H
E
P04(2014)057
3.1 Parametrization of scalar-tensor couplings
The general couplings of a scalar ϕ to ZZ,Zγ or γγ pairs can be parametrized by the
following vertex,1
Γµνij (k, k
′) =
i
v
(
A1ijm
2
Zg
µν +A2ij
(
kνk′µ − k · k′gµν)+A3ijµναβkαk′β), (3.1)
where ij = ZZ,Zγ, or γγ and k and k′ represent the four momentum of the intermediate
vector bosons with v the Higgs vacuum expectation value (vev) which we have chosen as
our overall normalization. The A1ij,2ij,3ij are dimensionless arbitrary complex (momentum
dependent) form factors. For the purposes of this study however, we will approximate
the couplings as constant as is done in other similar analysis [13, 17, 21, 27, 32] though
our framework can easily be made to include the full momentum dependence of the form
factors. For the case of a scalar coupling to Zγ or γγ, electromagnetic gauge invariance
requires A1 = 0, while for ZZ it can be generated at tree level as in the SM or by higher
dimensional operators.
We can also write eq. (3.1) as,
Γµνij (k, k
′) = (A1ijV
µν
1 +A2ijV
µν
2 +A3ijV
µν
3 ) =
3∑
n
AnijV
µν
n =
3∑
n
Γµνijn, (3.2)
where the coefficients Anij and Lorentz structure V
µν
n are those found in eq. (3.1). Although
it is more general, the parametrization in eq. (3.1) can for example be mapped onto the
Lagrangian2 given by,
L ⊃ 1
4v
ϕ
(
2ghm
2
ZZ
µZµ + gZZ
µνZµν + g˜ZZ
µνZ˜µν + 2gZγF
µνZµν + 2g˜ZγF
µνZ˜µν
+ gγF
µνFµν + g˜γF
µνF˜µν
)
, (3.3)
where we have allowed only up to dimension five operators and Zµ is the Z field while
Vµν = ∂µVν − ∂νVµ is the usual bosonic field strengths. The dual field strengths are de-
fined as V˜µν =
1
2µνρσV
ρσ. Thus for this Lagrangian we would have, A1ZZ ≡ gh, A2ZZ ≡
gZ , A3ZZ ≡ g˜Z and similarly for Zγ and γγ. This makes eq. (3.1) a convenient parametriza-
tion for fitting to Lagrangian parameters that might be generated in various models at
dimension five or less. If ϕ is purely the Standard Model Higgs, then A1ZZ = 2, while all
other coefficients are taken as approximately zero.3 Note also that in this parameterization
we have not made any theoretical assumptions about the nature of ϕ such as imposing
that the couplings are related by SU(2)L ⊗U(1)Y gauge invariance for example.
We note that it is important to include all possible Higgs couplings including the Zγ
and γγ contributions in the signal differential cross section. This is because since the Higgs
appears to be mostly ‘standard model like’ [36] this means we are primarily searching for
1Note that the A2 Lorentz structure differs by an overall sign from the definition found in [33].
2This vertex has been implemented into the FeynRules/Madgraph [34, 35] framework for validation
purposes.
3There is potentially non-negligible contributions from A2Zγ and A2γγ which we discuss briefly in the
appendix.
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OF SF
ϕ
1
1¯
2
2¯
Vi
Vj
ϕ
2
1¯
1
2¯
Vi
Vj
Figure 2. Feynman diagrams [39] contributing to ϕ → ViVj → 4` where 4` = 2e, 4e/4µ and
Vi,j = Z, γ. The arrows are to indicate the direction of momentum flow and 1, 2 label the lepton
momenta. On the left we have the opposite (OF) flavor diagram present in both the 2e2µ and
4e/4µ channels. On the right we have the same flavor (SF) flavor diagram present only in the 4e/4µ
channel. Note also that the diagram on the right hand side implicitly comes with an overall minus
sign to account for the switching of identical fermions (1↔ 2).
small anomalous deviations from the standard model prediction. Thus when attempting to
extract specific couplings we must be sure that one small effect is not being mistaken for
another (this is also why it is important to include the interference effects between the iden-
tical final state leptons). This is especially true because as we will see many of the couplings
are correlated. Including all possible couplings and doing a simultaneous fit ensures we min-
imize the possibility of introducing a bias when attempting to extract these couplings.
We allow for all vertex structures in eq. (3.1) to contribute simultaneously including
all possible interference effects. Of course eq. (3.1) can be mapped onto Lagrangians with
dimension greater than five with appropriate translation of the parameters, but we work
explicitly with the vertex in eq. (3.1) and eq. (3.2) when calculating the fully differential
cross section for ϕ→ ZZ + Zγ + γγ → 4e/4µ. Below we summarize the details of the cal-
culation which is performed using the Tracer [37] package in Mathematica [38] to perform
the necessary Dirac algebra.
3.2 Calculation
To compute the process ϕ → ZZ + Zγ + γγ → 4e/4µ we include the diagrams shown
in figure 2 where i, j = Z, γ and parameterize the scalar coupling to gauge bosons as in
eq. (3.2). For any ij intermediate state, the amplitudeMOF ij exists for both the opposite
flavor (OF) 2e2µ final state as well as for the same flavor (SF) 4e/4µ final state. The
amplitude MSF ij which is obtained by exchanging the four momentum of the particles
(or anti-particles), is only present for the 4e/4µ final state. The total amplitude for any
particular intermediate state is the sum of the two diagrams and can be written as,
Mij = MOF ij +MSF ij , (3.4)
Assuming the final state leptons to be massless, we can write the OF amplitude as,
MOF ij = u¯2(iγγ(gj`RPR + gj`LPL))v2
(
−igνγ
k2
22¯
−m2j + imjΓj
)
Γµνij (k11¯, k22¯)
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(
−igµσ
k2
11¯
−m2i + imiΓi
)
u¯1(iγ
σ(gi`RPR + g
i
`LPL))v1, (3.5)
where i, j label Z or γ while 1 and 2 label the final state leptons and can in principal be
e or µ. The vector boson four momenta are given by kxy = (px + py) where px are the
four momentum of the final state leptons. Note that we have also set k = k11¯ and k
′ = k22¯
in the vertex function Γµνij . The SF amplitude can be obtained from the OF amplitude by
swapping u1 ↔ u2 as well as p1 ↔ p2 and can be written as,
MSF ij = (−)u¯1(iγγ(gj`RPR + gj`LPL))v2
(
−igνγ
k2
12¯
−m2j + imjΓj
)
Γµνij (k12¯, k21¯)(
−igµσ
k2
21¯
−m2i + imiΓi
)
u¯2(iγ
σ(gi`RPR + g
i
`LPL))v1, (3.6)
where note an overall minus sign is included to account for the swapping of identical
fermions and now k = k12¯ and k
′ = k21¯ in the vertex Γ
µν
ij . Upon squaring eq. (3.4) this
gives for the amplitude squared,
MijM∗¯ij¯ =MOF ijM∗OF i¯j¯ +MSF ijM∗SF i¯j¯ + 2Re
(
MOF ijM∗SF i¯j¯
)
. (3.7)
The MOF ijM∗OF i¯j¯ term is equivalent to the 2e2µ matrix element squared which was cal-
culated in [33]. We repeat this part of the calculation here for clarity and consistency of
notation. After summing over final state lepton polarizations we can obtain a general am-
plitude squared which encompasses any combination of intermediate states and is given by,
MOF ijM∗OF i¯j¯ = (D11¯iD22¯jD∗11¯¯iD∗22¯j¯)−1(gµσgνγgµ¯σ¯gν¯γ¯)
T `i¯i(p1, σ, p1¯, σ¯)T `jj¯(p2, γ, p2¯, γ¯)
(
3∑
n,n¯
ΓµνijnΓ
∗µ¯ν¯
i¯j¯n¯
)
, (3.8)
where Γµνijn are given in eq. (3.1) and eq. (3.2) and we have defined the objects,
T Xi¯i (pa, σ, pb, σ¯) =
1
2
(giXRg
i¯
XR + g
i
XLg
i¯
XL)× Tr(6 paγσ 6 pbγσ¯) +
+
1
2
(giXRg
i¯
XR − giXLgi¯XL)× Tr(6 paγσ 6 pbγσ¯γ5), (3.9)
for the Dirac strings while for the propagators we have,
Dxyi = k
2
xy −m2i + iΓimi. (3.10)
The gi`R,L represent the lepton couplings to Z and γ, but are in fact at this point general
left and right handed couplings of a ‘Z-like’ spin-1 vector boson to a pair of fermions. The
bars on Lorentz, i, j, and n indices are to indicate that the corresponding index belongs
to the conjugated amplitude and are distinct indices from the un-bared ones. We treat all
couplings at every vertex encountered when tracing over the Dirac strings as distinct as
well as all Breit-Wigner factors so for any amplitude squared term there can in principal
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be four different vector bosons as intermediate states. In the case of the photon we have
of course gγ`R = g
γ
`L = −eem and mγ = Γγ = 0.
After expanding eq. (3.8) we obtain,
MOF ijM∗OF i¯j¯ =
3∑
n,n¯
(
C++
nn¯iji¯j¯
L++nn¯ + C+−nn¯iji¯j¯L+−nn¯ + C−+nn¯iji¯j¯L−+nn¯ + C−−nn¯iji¯j¯L−−nn¯
)
=
3∑
n,n¯
2∑
a,b
Cabnn¯iji¯j¯Labnn¯, (3.11)
where a, b = (±,±) with a and b corresponding to the fermion pairs labeled 1 and 2
respectively in the OF diagram of figure 2 and have defined,
C±±
nn¯iji¯j¯
=
1
4
AnijA
∗
n¯i¯j¯(D11¯iD22¯jD
∗
11¯¯iD
∗
22¯j¯)
−1 × (gi`Rgi¯`R ± gi`Lgi¯`L)(gj`Rgj¯`R ± gj`Lgj¯`L)(3.12)
L±±nn¯ = (gµσT
σσ¯
1±gµ¯σ¯)(gνγT
γγ¯
2±gν¯γ¯)V
µν
n V
∗µ¯ν¯
n¯ .
The T σσ¯1± are the Dirac traces found in eq. (3.9) and ± indicates whether the trace ends
with a γ5 (−) or not (+). From the objects in eq. (3.12) we can go on to obtain the full
amplitude squared for the 2e2µ channel as done in [33].
For the 4e/4µ final state we also have the second squared termMSF ijM∗SF i¯j¯ , but this
is obtained easily from MOF ijM∗OF i¯j¯ by swapping p1 ↔ p2. Thus the only new term left
to calculate in the 4e/4µ case is the interference term MOF ijM∗SF i¯j¯ . Note also that the
amplitudes in the 4e/4µ case come with a symmetry factor of 1/2 for the identical final
states, which we explicitly add at a later step. After squaring the amplitude we find for
the interference term,
MOF ijM∗SF i¯j¯ = −(D11¯iD22¯jD∗21¯¯iD∗12¯j¯)−1(gµσgνγgν¯γ¯gµ¯σ¯)
T `iji¯j¯(p2, γ, p2¯, γ¯, p1, σ, p1¯, σ¯)
(
3∑
n,n¯
ΓµνijnΓ
∗µ¯ν¯
i¯j¯n¯
)
, (3.13)
where Γµνijn are given in eq. (3.1) and eq. (3.2) and we have defined,
T Xiji¯j¯(pa, γ, pb, γ¯, pc, σ, pd, σ¯) =
1
2
(giXRg
j
XRg
i¯
XRg
j¯
XR + g
i
XLg
j
XLg
i¯
XLg
j¯
XL)
×Tr(6 paγγ 6 pbγγ¯ 6 pcγσ 6 pdγσ¯)
+
1
2
(giXRg
j
XRg
i¯
XRg
j¯
XR − giXLgjXLgi¯XLgj¯XL)
×Tr( 6 paγγ 6 pbγγ¯ 6 pcγσ 6 pdγσ¯γ5). (3.14)
Expanding out the terms in eq. (3.13) we can write the interference term as,
MOF ijM∗SF i¯j¯ =
3∑
n,n¯
(
C+
nn¯iji¯j¯
L+nn¯ + C−nn¯iji¯j¯L−nn¯
)
=
3∑
n,n¯
2∑
a
Cann¯iji¯j¯Lann¯, (3.15)
where the coefficients and Lorentz structure are now,
C±
nn¯iji¯j¯
=
1
2
AnijA
∗
n¯i¯j¯(D11¯iD22¯jD
∗
21¯¯iD
∗
12¯j¯)
−1 × (gi`Rgi¯`Rgj`Rgj¯`R ± gi`Lgi¯`Lgj`Lgj¯`L)
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L±nn¯ = −(gµσgµ¯σ¯T γγ¯σσ¯12± gνγgν¯γ¯)V µνn V ∗µ¯ν¯n¯ . (3.16)
The T γγ¯σσ¯12± are the Dirac traces found in eq. (3.14) and again ± indicates whether the trace
ends with a γ5 (−) or not (+). Note that again the vector boson momentum in V µνn of
eq. (3.16) is given by k = k11¯ and k
′ = k22¯, but now in V
∗µ¯ν¯
n¯ we have k = k12¯ and k
′ = k21¯.
We can now take advantage of the fact that L±±nn¯ and L
±
nn¯ are independent of the inter-
mediate state vector bosons to perform the sum over i, j = Z, γ and obtain general coeffi-
cients for the Lorentz structure which include all contributions from Z and γ gauge bosons,
C±±nn¯ =
∑
iji¯j¯
C±±
nn¯iji¯j¯
, C±nn¯ =
∑
iji¯j¯
C±
nn¯iji¯j¯
. (3.17)
The full amplitude squared for ϕ→ ZZ + Zγ + γγ → 4e/4µ can then be built out of the
objects in eqs. (3.12), (3.16), and (3.17) as follows,4
|Mϕ4e,4µ|2 =
(
1
4
) 3∑
n,n¯
2∑
a,b
(
Cabnn¯Labnn¯ + Cabnn¯Labnn¯|p1↔p2 + 2Re(Cann¯Lann¯)
)
, (3.18)
where we have included the 1/4 symmetry factor for the identical final state fermions. One
can also easily obtain the amplitude squared for any combination of vertex structures in
eq. (3.1) by not taking the sum over n and n¯ and choosing the desired n, n¯ combination. We
will take advantage of this property when performing integration and when we examine
the interference effects between different operators below.
The final fully differential cross section (which is treated at fixed
√
s) can then be
obtained via,
dσϕ→4e/4µ
dM21dM
2
2d
~Ω
= Π4`|Mϕ4e/4µ|2 , (3.19)
where d~Ω = dcΘdcθ1dcθ2dΦdΦ1 (cθ = cos θ) and Π4` is the final state massless lepton four
body phase space derived following [41] and given by,
Π4` =
(
1
2pi
)2( 1
32pi2
)2( 1
32pis
)
×
(
1 +
(M21 −M22 )2
s2
− 2(M
2
1 +M
2
2 )
s
)1/2
. (3.20)
Unlike the 2e2µ final state, the coefficients Cann¯ in the interference term of eq. (3.18) de-
pend on the polar angles cos θ1,2 and in particular through the denominators of the vector
boson propagators (see eq. (3.6)). This makes analytic integration difficult. Thus analytic
expressions for the doubly differential mass spectra are not obtained in the 4e/4µ channel
as they were for 2e2µ [33]. In figure 16 of the appendix we show plots for the differen-
tial mass spectra after performing the angular integration numerically as well as various
other doubly differential distributions for the SM signal hypotheses. Again, details of the
validation procedure can be found in [30, 31, 33].
4Analytic expressions may be obtained by emailing the authors or at a website which is currently under
construction [40].
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4 Background
The dominant irreducible background to the golden channel comes from qq¯ annihilation into
gauge bosons. At energies ∼ 125GeV the dominant contribution comes from t-channel Zγ
production [33]. However, as was seen in [33] contributions from s-channel process diagrams
can effect the angular distributions, such as the distribution of the azimuthal angle between
the lepton decay planes Φ defined in section 2. Furthermore, we include the ZZ and γγ
contributions since in principal these are always present and may have observable interfer-
ence effects due to the fact that they add at the amplitude level when decaying to charged
leptons and can mimic some of the effects of the signal tensor structures. Of course higher
order effects, including the gg initiated process [42–44] will contribute as well, but these are
expected to be sub-dominant and mainly only effect the ‘input’ invariant mass (and overall
normalization) for the fully differential cross sections. Since we are not including production
variables in our set of observables and are not concerned with the overall normalization,
neglecting these contributions has a minimal effect on our analysis framework, but as men-
tioned previously should properly be taken into account when including detector effects.
In this section we extend a previous calculation of the 2e2µ channel to include the 4e/4µ
final state. The calculation follows in the same manner as for 2e2µ (with some slight changes
in notation) except that now one must include the contribution from interference between
the final state identical particles, which in some kinematic regimes can have non-negligible
effects [21, 42]. In this section we describe the calculation of this interference, while the
parts of the calculation which are identical to the 2e2µ case can be found in [33]. Again we
use the Tracer [37] package in Mathematica [38] to perform the necessary algebra.
4.1 Calculation
The background calculation is significantly more involved than the signal calculation due to
a much larger number of Feynman diagrams (48 in total as opposed to 8 for signal) in ad-
dition to a more complicated Lorentz structure. As in the signal case the amplitude can be
written as sum of opposite flavor (OF) amplitude and a same flavor (SF) amplitude. Thus
the amplitude squared can again be written as,
MijM∗¯ij¯ =MOF ijM∗OF i¯j¯ +MSF ijM∗SF i¯j¯ + 2Re
(
MOF ijM∗SF i¯j¯
)
. (4.1)
The first term MOF ijM∗OF i¯j¯ is exactly equivalent to the 2e2µ amplitude squared calcu-
lated in [33] to which we refer the reader for details. The second term MSF ijM∗SF i¯j¯ can
be easily computed from the first by the simple exchange p1 ↔ p2 as was done in the signal
case. Thus the only new term left to calculate is the identical final state interference term
MOF ijM∗SF i¯j¯ .
Following the strategy in [33] we organize the diagrams after ‘twisting’ them into the
form shown in figure 3 where we allow the intermediate vector bosons to take on any
combination of Z or γ, but once chosen are treated as fixed. We use the conventions
indicated in [33] and in particular refer to all of the diagrams in figure 3 as ‘t-channel’ type
diagrams while the ‘u-channel’ diagrams are obtained by switching the vertex at which
the vector bosons are attached. This is not to be confused with the typical vocabulary for
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OF SF
q¯
q
Vi
Vj
2
2¯
1
1¯(a)
POFqt
q¯
q
Vi
Vj
1
2¯
2
1¯(b)
P SFqt
1
1¯
Vi
Vj
q
q¯
2
2¯(c)
POF1t
2
1¯
Vi
Vj
q
q¯
1
2¯(d)
P SF1t
2
2¯
Vi
Vj
1
1¯
q
q¯(e)
POF2t
1
2¯
Vi
Vj
2
1¯
q
q¯(f)
P SF2t
Figure 3. Feynman diagrams [39] contributing to qq¯ → ViVj → 4e/4µ and qq¯ → Vi,j → 4e/4µ
where Vi,j = Z, γ and 1, 2 label the lepton momenta. Note that although we define all diagrams
as ‘t-channel’ type, diagrams (c) − (f) are in fact s-channel type in the usual convention so the
fermions labeled by 1 and 2 are not to be confused as being in the initial state. This is taken into
account in how the various momenta are assigned as indicated by the arrows. The diagrams on
the left hand side are labeled by OF, while those on the right are labeled by SF. Note also that
the diagrams on the right hand side implicitly come with an overall minus sign to account for the
switching of identical fermions (1↔ 2).
this process which refers to diagrams (a) and (b) as t-channel and diagrams (c) − (f) as
s-channel. We find this re-naming convenient for organizing and reducing the many terms
which need to be computed for the differential cross section (see [33] for a more detailed
explanation). The diagrams on the left are labeled by OF, while those on the right are
labeled by SF. Note also that the diagrams on the right hand side implicitly come with an
overall minus sign to account for the switching of identical fermions (p1 ↔ p2).
The Lorentz structure for all of these amplitudes is clearly the same. One needs only
to keep proper track of how the various momentum are routed through each diagram. We
can see this by considering the amplitude explicitly. Using the massless initial quark and
final state lepton approximation we can write any of the OF amplitudes on the left hand
side in figure 3 as,
MXnOFij = u¯Z(iγσ(gjZRPR + gjZLPL))vZ
(
−igµσ
k2
ZZ¯
−m2j + imjΓj
)
×v¯X(iγµ(giXRPR + giXLPL))
(
i 6 POFXn
POF2Xn
)
(iγν(gjXRPR + g
j
XLPL))uX
×
(
−igνγ
k2
Y Y¯
−m2i + imiΓi
)
u¯Y (iγ
γ(giY RPR + g
i
Y LPL))vY , (4.2)
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where we label the amplitude by the ‘long’ Dirac string, in this case X. The labels
X/Y/Z = 1, 2, q where 1, 2 are for final state lepton pairs while q is for the initial state
quarks. The i, j = Z, γ label the vector bosons and n = t, u labels the t and u-channel
diagrams in our new vocabulary. The internal vector boson momenta are again defined as
kxy = (px + py), while the internal fermion momentum are given by,
POFqt = pq − k11¯, POFqu = pq − k22¯ (4.3)
POF1t = −(p1¯ + k22¯), POF1u = kqq¯ − p1¯
POF2t = kqq¯ − p2¯, POF2u = −(p2¯ + k11¯).
For any of the SF amplitudes a similar formula as in eq. (4.2) applies except we take
p1 ↔ p2 and multiply by an overall minus sign in the corresponding OF amplitude with
the quark string in the same position (this simply corresponds to diagrams in the same
row of figure 3). Thus we have for the SF amplitude,
MXnSFij = −MXnOFij
∣∣∣
p1↔p2
, (4.4)
while the internal fermion momentum are now given by,
PSFqt = pq − k21¯, PSFqu = pq − k12¯ (4.5)
PSF1t = −(p1¯ + k12¯), PSF1u = kqq¯ − p1¯
PSF2t = kqq¯ − p2¯, PSF2u = −(p2¯ + k21¯).
To obtain any of the physical amplitudes one simply assigns the appropriate labels to
eq. (4.2) or eq. (4.4) as well as the appropriate momenta. Thus for example for diagram (c)
we have X → 1, Y → q, Z → 2, and n → t. To switch from t-channel type to u-channel
diagrams one simply takes t → u and γσ ↔ γγ while to obtain the corresponding SF
diagram simply take OF → SF and 1↔ 2 and multiply by an overall sign. Note that for
the Z propagators we drop the momentum dependent terms since they do not contribute
in the massless lepton approximation.
As in the case of the signal, the next step is to find a generalized amplitude squared for
any two of the six diagrams. Since we are only concerned with obtaining the interference
term MOF ijM∗SF i¯j¯ we need only consider the terms coming from multiplying the ampli-
tudes on the left hand side (OF) with those on the right hand side (SF) in figure 3. These
organize themselves into three distinct types of Lorentz structure. The first type is found
when multiplying the two diagrams in the top row of figure 3 (corresponding to t-channel
di-boson production in the conventional language). These give,
MqnOFijMqn¯∗SF i¯j¯ = (gµσgµ¯σ¯gνγgν¯γ¯)(D11¯iD22¯jD∗21¯¯iD∗12¯j¯)−1T
q
iji¯j¯
(pq¯, ν, P
OF
qn , µ, pq, µ¯, P
SF
qn¯ , ν¯)
×T `iji¯j¯(p2, γ, p2¯, γ¯, p1, σ, p1¯, σ¯), (4.6)
where the Dxyi are defined in eq. (3.10) and the T Xiji¯j¯ are defined in eq. (3.14). Again the
bars on Lorentz, i, j, and n indices are to indicate that the corresponding index belongs to
the conjugated amplitude and are distinct indices from the un-bared ones. Expanding out
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the terms in eq. (4.6) we can organize in a manner similar to eqs. (3.11) and (3.15) writing
the amplitude squared as,
MqnOFijMqn¯∗SF i¯j¯ =
∑
a,b
Cabqqiji¯j¯Labqqnn¯, (4.7)
where again a, b = (±,±) with a and b corresponding to the quark and lepton strings and
we have defined the Lorentz structure coefficients,
C±±
qqiji¯j¯
= (4D11¯iD22¯jD
∗
21¯¯iD
∗
12¯j¯)
−1(giqRg
j
qRg
i¯
qRg
j¯
qR ± giqLgjqLgi¯qLgj¯qL)
×(gi`Rgj`Rgi¯`Rgj¯`R ± gi`Lgj`Lgi¯`Lgj¯`L), (4.8)
and Lorentz structure,
L±±qqnn¯ = (gµσT
νµµ¯ν¯
qqnn¯±gµ¯σ¯)(gνγT
γγ¯σσ¯
`± gν¯γ¯), (4.9)
where the T objects are the traces found in eq. (4.6).
The next type of Lorentz structure is found for any OF/SF pair of diagrams in (c)−(f)
(interference between s-channel diagrams in the usual language). For those in the same row
we can write,
MY nOFijMY n¯∗SF i¯j¯ = (gµσgµ¯σ¯gνγgν¯γ¯)× (DZZ¯iDqq¯jD∗Y Z¯i¯D∗qq¯j¯)−1T qjj¯(pq¯, γ, pq, γ¯) (4.10)
×T `iji¯ij¯i¯(pY , ν, POFY n , µ, pY¯ , µ¯, PSFY n¯ , ν¯, pZ , σ, pZ¯ , σ¯),
where here Y/Z = 1, 2 while the T X
jj¯
are defined in eq. (3.9) and we have also defined,
T Xiji¯ij¯i¯(pa, ν, pb, µ, pc, γ¯, pd, σ, pe, µ¯, pf , ν¯) =
1
2
(gi2XRg
j
XRg
i¯2
XRg
j¯
XR + g
i2
XLg
j
XLg
i¯2
XLg
j¯
XL)
×Tr(6 paγν 6 pbγµ 6 pcγγ¯ 6 pdγσ, 6 pe, µ¯, 6 pf , ν¯) +
+
1
2
(gi2XRg
j
XRg
i¯2
XRg
j¯
XR − gi2XLgjXLgi¯2XLgj¯XL)
×Tr(6 paγν 6 pbγµ 6 pcγγ¯ 6 pdγσ, 6 pe, µ¯, 6 pf , ν¯, γ5). (4.11)
Expanding out eq. (4.10) we can write the amplitude squared as,
MY nOFijMY n¯∗SF i¯j¯ =
∑
a,b
CabY Y iji¯j¯LabY Y nn¯, (4.12)
where again a, b = (±,±) and we have defined the Lorentz structure coefficients,
C±±
Y Y iji¯j¯
= (4DZZ¯iDqq¯jD
∗
Y Z¯i¯D
∗
qq¯j¯)
−1(gjqRg
j¯
qR±gjqLgj¯qL)(gi2`Rgj`Rgi¯2`Rgj¯`R±gi2`Lgj`Lgi¯2`Lgj¯`L), (4.13)
and Lorentz structure,
L±±Y Y nn¯ = (gµσT
γγ¯
q±gµ¯σ¯)(gνγT
νµµ¯ν¯σσ¯
Y Y nn¯±gν¯γ¯), (4.14)
where the T objects are the traces found in eq. (4.10). For products of diagrams in different
rows in (c)− (f) we obtain the following,
MY nOFijMZn¯∗SF i¯j¯ = (gµσgµ¯σ¯gνγgν¯γ¯)× (DZZ¯iDqq¯jD∗qq¯i¯D∗ZY¯ j¯)−1T qjj¯(pq¯, γ, pq, σ¯) (4.15)
×T `iji¯ij¯i¯(pY , ν, POFY n , µ, pY¯ , γ¯, pZ , σ, pZ¯ , µ¯, PSFZn¯ , ν¯).
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Again expanding out eq. (4.15) we can write the amplitude squared as,
MY nOFijMZn¯∗SF i¯j¯ =
∑
a,b
CabY Ziji¯j¯LabY Znn¯, (4.16)
where again a, b = (±,±) and we have defined the Lorentz structure coefficients,
C±±
Y Ziji¯j¯
= (4DZZ¯iDqq¯jD
∗
qq¯i¯D
∗
ZY¯ j¯)
−1(gjqRg
j¯
qR±gjqLgj¯qL)(gi2`Rgj`Rgi¯2`Rgj¯`R±gi2`Lgj`Lgi¯2`Lgj¯`L), (4.17)
and Lorentz structure,
L±±Y Znn¯ = (gµσT
γγ¯
q±gµ¯σ¯)(gνγT
νµγ¯σµ¯ν¯
Y Znn¯± gν¯γ¯), (4.18)
where the T objects are the traces found in eq. (4.15).
The final type of Lorentz structure occurs when a diagram from the first row (t-channel
quark exchange diagram) interferes with one of the diagrams in (c)−(f) (s-channel process
in the usual language). For these we can write,
MqnOFijMY n¯∗SF i¯j¯ = (DY Y¯ iDZZ¯jD∗Y Z¯i¯D∗qq¯j¯)−1(gµσgµ¯σ¯gνγgν¯γ¯)T qijj¯(pq¯, ν, POFqn , µ, pq, γ¯)
×T `iji¯j¯i¯(pZ , γ, pZ¯ , σ¯, pY , σ, pY¯ , µ¯, PSFY n¯ , ν¯), (4.19)
where Y = 1, 2 and we have defined,
T Xijj¯(pa, ν, pb, µ, pc, γ¯) =
1
2
(giXRg
j
XRg
j¯
XR + g
i
XLg
j
XLg
j¯
XL)Tr(6 paγν 6 pbγµ 6 pcγγ¯)
+
1
2
(giXRg
j
XRg
j¯
XR−giXLgjXLgj¯XL)Tr(6 paγν 6 pbγµ 6 pcγγ¯ , γ5), (4.20)
as well as,
T Xiji¯j¯i¯(pa, ν, pb, µ, pc, γ¯, pd, σ, pe, µ¯) =
1
2
(giXRg
j
XRg
i¯2
XRg
j¯
XR + g
i
XLg
j
XLg
i¯2
XLg
j¯
XL)
×Tr(6 paγν 6 pbγµ 6 pcγγ¯ 6 pdγσ, 6 pe, µ¯) +
+
1
2
(giXRg
j
XRg
i¯2
XRg
j¯
XR − giXLgjXLgi¯2XLgj¯XL)
×Tr( 6 paγν 6 pbγµ 6 pcγγ¯ 6 pdγσ, 6 pe, µ¯, γ5). (4.21)
After expanding out eq. (4.19) we can write the amplitude squared as,
MqnOFijMY n¯∗SF i¯j¯ =
∑
a,b
CabqY iji¯j¯LabqY nn¯, (4.22)
where again a, b = (±,±) and we have defined the Lorentz structure coefficients,
C±±
qY iji¯j¯
= (4DY Y¯ iDZZ¯jD
∗
Y Z¯i¯D
∗
qq¯j¯)
−1
×(giqRgjqRgj¯qR ± giqLgjqLgj¯qL)
×(gi`Rgj`Rgi¯2`Rgj¯`R ± gi`Lgj`Lgi¯2`Lgj¯`L), (4.23)
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and Lorentz structure,
L±±qY nn¯ = (gµσT
νµγ¯
qn±gµ¯σ¯)(gνγT
γσ¯σµ¯ν¯
Y n¯± gν¯γ¯), (4.24)
where the T objects are the traces found in eq. (4.19).
As in the signal case we take advantage of the fact that the Lorentz structures in
eqs. (4.9), (4.14), (4.18), and (4.24) are independent of the intermediate vector bosons to
perform the sum over i, j in the Lorentz coefficients defined in eqs. (4.8), (4.13), (4.17),
and (4.23) to obtain,
C±±qq =
∑
iji¯j¯
C±±
qqiji¯j¯
, C±±Y Y =
∑
iji¯j¯
C±±
Y Y iji¯j¯
,
C±±Y Z =
∑
iji¯j¯
C±±
Y Ziji¯j¯
, C±±qY =
∑
iji¯j¯
C±±
qY iji¯j¯
. (4.25)
In this way we easily take into account all possible combinations of intermediate vector
bosons.
We now have all of the pieces5 necessary to build the total interference term
MOF ijM∗SF i¯j¯ in eq. (4.1) including all contributions from the intermediate vector
bosons. Explicitly we have,
MOFM∗SF =
∑
iji¯j¯
MOF ijM∗SF i¯j¯
=
∑
a,b
∑
n,n¯
(
CabqqLabqqnn¯ + Cab11Lab11nn¯ + Cab22Lab22nn¯
)
+
∑
a,b
∑
n,n¯
(
Cabq1Labq1nn¯ + Cab1qLab1qnn¯ + Cabq2Labq2nn¯
)
+
∑
a,b
∑
n,n¯
(
Cab2qLab2qnn¯ + Cab12Lab12nn¯ + Cab21Lab21nn¯
)
, (4.26)
where the sum over intermediate vector bosons has already been implicitly performed
in eq. (4.25) while the sum over n, n¯ which includes the t and u channel contributions
is shown explicitly (note that this also factors from the vector boson sum). The CabXY
coefficients are in general complex due to the factor of i multiplying the decay width
in the massive vector boson propagators. The Lorentz structure is either purely real or
purely imaginary depending on whether the term contains an even or odd number of traces
ending in γ5. These traces give an overall factor of i (and an epsilon tensor). Thus if
LabXY nn¯ contains an even number of these traces, then it is purely real and if it contains an
odd number it is purely imaginary. Organizing in this manner allows for easier integration
when obtaining the various projections (as well as when performing convolution to include
detector effects [30, 31]).
Plugging eq. (4.26) into eq. (4.1) and using the results from [33] as well as the fact that,
|MSF |2 = |MOF (p1 ↔ p2)|2, (4.27)
5Expressions for the various coefficients and Lorentz structure can be obtained by emailing the authors
or at [40].
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we can obtain the complete amplitude squared for the qq¯ → 4e/4µ background process,
|Mqq¯4e,4µ|2 =
(
1
4
)(
|MOF |2 + |MSF |2
+2Re(MOFM∗SF )
)
. (4.28)
where we have included a symmetry factor of 1/4 and implicitly included a color factor of
1/3 as well as a 1/4 for averaging over initial state quark spins.
Again the fully differential cross section is found by combining with the lepton four
body phase space in eq. (3.20) to give,
dσqq¯→4e/4µ
dM21dM
2
2d
~Ω
= Π4`|Mqq¯4e/4µ|2. (4.29)
This expression can now be combined with the result for the signal differential cross section
to perform detailed analysis of the golden channel. As in the case for signal, one also
finds in the interference terms a dependence on cos θ1,2 in the propagator denominators,
making it difficult to perform analytic integration over the angular variables to obtain
the doubly differential mass spectrum as was done in the 2e2µ case [33]. We thus perform
this integration numerically and show in figure 17 of the appendix the doubly differential
mass spectra as well as various other doubly differential distributions. Again details of the
validation procedure can be found in [30, 31, 33].
5 Scrutinizing the golden channel
In this section we explore the potential of the golden channel to elucidate the nature
of the couplings of a spin-0 scalar to neutral electroweak gauge bosons. We begin by
examining the relative contributions of all the possible combinations of tensor structures
in eq. (3.2) to the total ϕ → 4` decay width. We then perform a ‘toy’ generator level
analysis to demonstrate our parameter extraction procedure via maximization of the
likelihood. We present various parameter fits to show the flexibility of our framework and
its ability to extract the effective couplings including their correlations. We only focus
on ‘toy’ parameter extractions in this study, since a proper study of the Higgs couplings
requires careful inclusion of the relevant detector effects as well as an adequate treatment
of production variables. We leave a more detailed investigation of the Higgs couplings in
the golden channel including detector effects to an accompanying study [30].
5.1 Relative ‘partial fractions’
The total decay width for ϕ → ZZ + Zγ + γγ → 4` can be decomposed into the various
‘partial widths’ formed out of pairs of tensor structures in eq. (3.2) (or operators if
interpreted in terms of eq. (3.3)). Since each term will be quadratic in the couplings, we
can label each partial width by the appropriate combination of couplings AnijA
∗
n¯i¯j¯
. They
are obtained by integrating the fully differential decay width in eq. (3.19) over the
kinematic variables defined in section 2. We then normalize these partial widths to the
standard model value to form the various ‘partial fractions’.
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We show in figure 4 a table of these partial fractions for every possible combination
of AnijA
∗
n¯i¯j¯
which can contribute to the 2e2µ decay width. For these tables we take
as our phase space 4GeV < M1,2 and
√
s = 125GeV as well as pT` > 2GeV and
|η`| < 2.4 for the transverse momentum and rapidity respectively of the final state leptons.
The couplings Anij have been separated into their real and imaginary components as
Anij = AnijR + iAnijI and we have set all AnijR,I = 1. All of the |AnijR,I |2 terms sit along
the diagonal with the various interference terms making up the off-diagonal terms. Note
that many of the interference terms are negative indicating destructive interference
between the corresponding tensor structures (or operators).
In figure 5 we show the same plot for the 4e final state. One can see the change in the
partial fractions and in particular the ZZ/γγ interference terms are significantly larger
than in the 2e2µ channel. The blank entries indicate terms which are identically zero after
integration. We can see that these entries are those for which CP violation in the form of
interference between A1,2 and A3 tensor structures would occur. This is indicative of the
fact that after one integrates over the kinematic all information on CP violation is lost. Of
course for the fully differential decay width many of these terms are non-zero in principal
allowing for sensitivity to CP violation in the golden channel. To get a rough idea of the
size of these CP violating terms, in figures 14 and 15 in the appendix we show the integral
of the absolute value of the differential decay width.
Since all couplings are set to one, these tables essentially show how much each combi-
nation of tensor structures contributes to the ϕ→ 4` phase space relative to the standard
model contribution for which we have set A1ZZ = 2 and all other couplings to zero. From
these values of the relative partial widths, one can gain some insight into which combina-
tion of operators the golden channel might be most sensitive to. Furthermore, for a specific
model one can take the prediction for the values of the various couplings and simply mul-
tiply by the numbers given in figure 4–5 to get a feel for whether those couplings might
be probed in the golden channel. For most realistic models, all couplings apart from A1ZZ
are generated by higher dimensional operators and are expected to be small. Of course,
these rates do not contain information about the shapes in the various distributions so in
principal the sensitivity is greater than might be inferred from these values. In section A.1
of the appendix we also show the same partial fractions for a ‘CMS-like’ phase space as well
as show the same tables for the standard model prediction. Of course for a scalar resonance
with a mass much larger or smaller than 125GeV these numbers can change significantly.
5.2 Simplified analysis
In order to demonstrate the flexibility and potential of our framework, we perform a sim-
plified generator level analysis neglecting any detector effects and at a fixed center of mass
energy of
√
s = mϕ = 125GeV . To do this we construct a maximum likelihood analysis
using the fully differential cross sections in eqs. (3.19) and (4.29) to build the signal plus
background pdf from which the total likelihood will be constructed. Thus we have,
PS+B(O|f,~λ) = f × PB(s,M1,M2, ~Ω) + (1− f)× PS(m2h,M1,M2, ~Ω|~λ). (5.1)
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2Figure 5. Here we plot the relative partial fractions for each possible combination of tensor
structures in eq. (3.1) for the 4e/4µ final state. For these partial fractions we take a ‘loose’ phase
space of 4GeV < M1,2, and
√
s = 125GeV as well as pT` > 2GeV and |η`| < 2.4. They have been
normalized to the standard model value for which we take A1ZZ = 2 and all other couplings zero.
where O = (s,M1,M2, ~Ω) is our final set of observables and f is the background fraction,
which we must also extract. The signal and background pdfs are given by,
PS(m2h,M1,M2, ~Ω|~λ) =
dσh→4`
dM21dM
2
2d
~Ω
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PB(s,M1,M2, ~Ω) = dσqq¯→4`
dM21dM
2
2d
~Ω
, (5.2)
where they have been normalized over O (at fixed √s). With the pdfs in hand we can now
write the likelihood of obtaining a particular data set containing N events as,
L(f,~λ) =
N∏
O
PS+B(O|f,~λ). (5.3)
After constructing L(f,~λ) we then maximize with respect to f and ~λ to extract the values
which maximize the likelihood λˆ and fˆ for a given data set. To asses the error we then
repeat this for a large number of pseudo experiments to obtain distributions for λˆ and
fˆ with a corresponding spread. Below we show the results for an example parameter
point. More details on this procedure can be found in [30] and [31].
5.3 Fit definition
To examine the Higgs couplings to neutral gauge bosons, we take as our hypothesis the
vertex in eq. (3.1). We can use an overall phase rotation to make one of the parameters
real. Furthermore, we can avoid the need for the absolute normalization if we instead fit to
ratios of couplings. Which parameter to make real and which ratios to construct explicitly is
a matter of choice the most convenient of which depends on the fit being performed. Thus,
in terms of the vertex as defined in eqs. (3.2), we are explicitly fitting to,
Γµνij (k, k
′) ∝ Rij1 V µν1 +Rij2 V µν2 +Rij3 V µν3 (5.4)
where Rijn are complex ratios defined as Rijn = Anij/|A| where |A| is some normalization to
be chosen for each fit. Since one of the Rijn can always be made real there are in principal
twelve undetermined parameters to fit for when neglecting the overall normalization (note
RZγ1 = Rγγ1 = 0). Fitting to ratios also makes any dependence on the production variables,
~pT and Y minimal since they mainly only affect selection efficiencies when detector effects
are eventually included [30].
5.4 Example parameter extraction
As a demonstration of our ability to perform parameter extraction, we analyze the following
example parameter point:
• ~λ ≡ (A1ZZ = 1, A2ZZ = 0, A3ZZ = 5.1, A2Zγ = 0.05, A3Zγ = −0.1, A2γγ =
0.07, A3γγ = −0.08).
Note that even though A2ZZ is zero we still fit for it and therefore it is floated when
performing the maximization. Thus we allow for all operators in eq. (3.3) to be ‘turned on’
simultaneously, but we assume all coefficients to be real. Our framework can easily also
allow for non-zero phases, but we do not consider them here for simplicity. The pseudo-data
set to which we fit is obtained by generating large samples from the analytic expressions
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using a simply constructed event generator.6 We generate both signal and background
events at fixed energy
√
s = 125GeV and M1,2 > 4GeV . Since we seek only to demonstrate
the validity of our parameter extraction framework, we focus on the 2e2µ final state for
simplicity. It would be interesting, however, to perform a dedicated study and examine how
the sensitivity of the 2e2µ final state compares to the 4e/4µ final state for different choices
of phase space, but we leave this for future work. The parameter extraction is performed
by maximizing the likelihood function as described above.
We first perform a simultaneous extraction of all parameters including the correlations
assuming a pure signal sample. We show in figure 6 one dimensional results for a large set
of pseudo experiments containing 1000 events each. We have explicitly fit to the ratios of
couplings Rijn = Anij/|A| where here we take |A| = |A1ZZ | (thus fixing RZZ1 = 1). The
distribution for the extracted parameters obtained for the set of pseudo experiments is
shown in blue with the true value indicated by the red vertical line. One can see that the
true value sits near the center of the distribution, an indication that the maximization
procedure is working properly and that the global maximum of the likelihood function is
in fact being obtained in each pseudo experiment. The efficiency of convergence in our
maximization is & 99% and takes on the order of a few minutes to complete [30, 31].
Of course there are also correlations between the parameters. To see this we can
examine the different parameters in pairs as shown in figure 7 again for 1000 events for
each pseudo experiment and assuming a pure signal sample. The true value is indicated
by the intersection of the two solid black lines which as can be seen falls near the center
of the distribution. The colors indicate the density of pseudo experiments returning a
particular value for the extracted parameters as indicated on the x and y axis and we
have fit to Rijn = Anij/|A| where |A| = |A1ZZ |. We can see that in the majority of pseudo
experiments the fit returns values close to the true ones. One can also see in these plots
some of the potential correlations between the various parameters though of course the
full set of correlations between the six parameters which are contained in the fit can not be
displayed easily. This also demonstrates the importance of including all possible couplings
in the differential cross section.
We can also examine how the results change when the qq¯ → 4` background is
included. As discussed above, when including both signal and background we must also
extract the background fraction f . In figure 8 we show our results including background
in the likelihood. In the top left plot we show the distribution of the extracted background
fraction for 1000 signal plus 250 background events for a large set of pseudo experiments. In
the additional plots we compare the results assuming a pure signal sample shown in black
to those which include both signal and background which are shown in red. We fit to
Rijn = Anij/|A|, but now take the overall normalization to be |A| =
√∑
n,ij
|Anij |2. We can
see that the couplings which are affected the most by the inclusion of background are the
Zγ couplings. This can be understood by the fact that near the signal region of 125GeV ,
the background is primarily composed of the Zγ intermediate state [33]. In general,
however, one can see that the effect of including background is small, an indication that
6The event generator can be obtained from [40].
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there is strong discrimination between signal and background as implied by the differences
in the various doubly differential spectra shown in [33] and in figures 16–17.
It is also important to study how the spread of the distribution changes as a function
of the numbers of events. In figure 9 we have plotted the results for various number of
signal events ranging from 30 to 3000 per pseudo experiment with a 20% background
fraction. The color indicates the density of pseudo experiments which return a value of
the parameter as indicated on the y-axis. Here we again fit to Rijn = Anij/|A|, and take
the overall normalization to be |A| =
√∑
n,ij
|Anij |2. We can easily see by the color that
the spread roughly decreases with the expected 1/
√
N scaling as the number of events
is increased. The true value is now indicated by the solid black line, which as can be
seen sits within the red region indicating that in most of the pseudo experiments the
fit procedure returns a value of the parameter close to the true value. Quantifying more
precisely how the spread, or more accurately the error, changes as a function of number
of events requires the inclusion of detector effects and is beyond the scope of this study,
but a more detailed analysis (using CMS criteria) is left to ongoing/future work.
One of the interesting questions to ask, is whether the golden channel is sensitive
to the Zγ and γγ couplings of ϕ assuming it is the recently discovered resonance at
∼ 125 GeV. Since it has been firmly established that this resonance couples to ZZ through
the ZµZ
µ operator with a strength consistent with the SM prediction [36] it may perhaps
be difficult to extract the Zγ and γγ couplings since they only occur through higher
dimensional operators and will have couplings ∼ O(10−2 − 10−3), thus suppressing the
partial widths corresponding to those operators in figures 4–5. Determining whether this
is in fact impossible requires a detailed analysis including detector effects which is beyond
the scope of this paper and we leave it to a future study.
6 Conclusions and outlook
In this study we have completed the first stage in the construction of a comprehensive
analysis framework which builds upon earlier studies [13, 17, 27] and is aimed at extracting
as much information as possible from the Higgs golden channel. First we extended previous
analytic calculations for both signal and background in the 2e2µ Higgs ‘golden channel’ to
include the 4e/4µ final states with the interference between identical final states. We have
presented an overview of the calculations of the expressions as well as showing various
doubly differential projections and relative ‘partial fractions’ for every combination of
tensor structures.
We have also shown the potential of using these analytic expressions to perform
parameter extraction of the various couplings of a spin-0 scalar to neutral electroweak
gauge bosons including any correlations between parameters by implementing them into a
maximum likelihood analysis. In order to show the validity of our maximization procedure
we have focused on a simplified generator level analysis which includes both signal and
background at fixed
√
s. As our example parameter point, we have performed a simulta-
neous extraction of all parameters assuming real couplings (and overall normalization) of
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Figure 6. One dimensional results for the extraction of the six parameters for a large set of pseudo
experiments containing 1000 events each of a pure signal sample. We have explicitly fit to the ratios
of couplings Rijn = Anij/|A|. Here we choose the normalization to be |A| = |A1ZZ | which fixes
RZZ1 = 1. The distribution for the extracted parameters obtained for the set of pseudo experiments
is shown in blue with the true value indicated by the red vertical line.
our scalar to ZZ, Zγ, and γγ pairs as well as the background fraction. We have shown
that our maximum likelihood analysis gives accurate extraction of the parameters as well
as the background fraction.
A more accurate analysis of course requires the inclusion of detector and systematic
effects. We have not addressed these issues here and instead have left them for a series
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Figure 7. Here we examine the correlations between pairs of parameters. We conduct a large
set of pseudo experiments with 1000 events for each and assuming a pure signal sample. The true
value is indicated by the intersection of the two solid black lines and again we have fit to the ratios
Rijn = Anij/|A| and take the normalization to be |A| = |A1ZZ |.
of accompanying studies of the golden channel [30, 31] where we also demonstrate the
advantage of analytic expressions when including detector effects. We have also neglected
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Figure 8. Results including both signal and background in the likelihood. In the top left plot we
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Figure 9. Here we show the distribution of extracted parameters as a function of the numbers of
events for 30 to 3000 signal events per pseudo experiment with a 20% background fraction. In the top
left plot we show the distribution of the extracted background fraction while in the remaining plots
we show the various couplings. The color indicates the density of pseudo experiments which return
a value of the parameter as indicated on the y-axis while the true value is now indicated by the solid
black line. We fit to the ratios Rijn = Anij/|A| and take the normalization to be |A| =
√∑
n,ij
|Anij |2.
the use of ‘production variables’ into our set of observables since this requires careful
treatment of the production mechanism which is beyond the scope of this study and
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furthermore would introduce additional systematic uncertainties. Since we fit to ratios of
couplings and do not attempt to extract the overall normalization however, our results
and analysis procedure are not overly sensitive to the production mechanism. We hope to
include a detailed description of the production mechanism in future studies. In addition,
we hope to conduct a detailed comparison between the sensitivity of the 2e2µ and 4e/4µ
final states for different choices of the phase space cuts in order to determine the optimal
phase space for extracting particular couplings to neutral electroweak gauge bosons.
In summary, we have demonstrated the potential of using analytic expressions in the
golden channel to extract the couplings of a spin-0 scalar to neutral electroweak gauge
bosons and have completed the first stage in the construction of a comprehensive analysis
framework aimed at maximizing the power of this channel. This framework can now readily
be adapted to include the relevant detector effects as well as any systematic uncertainties.
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A Partial fractions for CMS cuts and 2D distributions
In this appendix we examine the ‘partial fractions’ of the various pairs of tensor structures
which are found in eq. (3.1). We also display a number of doubly differential spectra for
a standard model signal as well as the qq¯ → 4` background. Finally, we also show our
validation of the signal and background calculations for the matrix element squared.
A.1 Relative ‘partial fractions’ for CMS cuts
The total decay width for ϕ → ZZ + Zγ + γγ → 4` can be decomposed into the various
‘partial widths’ formed out of pairs of tensor structures in eq. (3.2) (or operators if
interpreted in terms of eq. (3.3)). Since each term will be quadratic in the couplings, we
can label each partial width by the appropriate combination of couplings AnijA
∗
n¯i¯j¯
. They
are obtained by integrating the fully differential decay width in eq. (3.19) over the
kinematic variables defined in section 2. We then normalize these partial widths to the
standard model value to form the various ‘partial fractions’.
We show in figure 10 a table of these partial fractions for every possible combination
of AnijA
∗
n¯i¯j¯
which can contribute to the 2e2µ decay width. For these partial fractions we
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now take a ‘CMS-like’ phase space of 40GeV . M1, 12GeV . M2 and
√
s = 125GeV
as well as pT` > 20, 10, 7, 7GeV for the ordering of final state lepton pT and |η`| < 2.4
for their rapidity. The couplings Anij have been separated into their real and imaginary
components as Anij = AnijR + iAnijI and we have set all AnijR,I = 1. All of the |AnijR,I |2
terms sit along the diagonal with the various interference terms making up the off-diagonal
terms. Note that many of the interference terms are negative indicating destructive
interference between the corresponding tensor structures (or operators).
In figure 11 we show the same plot for the 4e final state. One can see the change in the
partial fractions and in particular the ZZ/γγ interference terms are significantly larger
than in the 2e2µ channel. The blank entries indicate terms which are identically zero after
integration. We can see that these entries are those for which CP violation in the form of
interference between A1,2 and A3 tensor structures would occur. This is indicative of the
fact that after one integrates over the kinematic all information on CP violation is lost. Of
course for the fully differential decay width many of these terms are non-zero in principal
allowing for sensitivity to CP violation in the golden channel.
Since all couplings are set to one, these tables essentially show how much each
combination of tensor structures contributes to the ϕ → 4` phase space relative to
the contribution from the partial width for which we have set A1ZZ = 2 and all other
couplings to zero. From these values of the relative partial fractions, one can gain some
insight into which combination of operators the golden channel might be most sensitive
to. Furthermore, for a specific model one can take the prediction for the values of the
various couplings and simply multiply by the numbers given in figure 10–11 to get a feel
for whether those couplings might be probed in the golden channel.
For most realistic models, all couplings apart from A1ZZ are generated by higher
dimensional operators and are expected to be small. In figures 12–13 we also show the
same tables for the standard model prediction including the Zγ and γγ couplings for
which we have A1ZZ = 2, A2Zγ ' 0.007, A2Zγ ' −0.008 [45]7 while all other couplings
zero. These values are normalized the same as in figures 10–11. Of course, these rates do
not contain information about the shapes in the various distributions so in principal the
sensitivity is greater than might be inferred from these values. Whether or not the golden
channel has sensitivity to these couplings in the standard model requires careful study,
which we leave for ongoing work.
In figures 14 and 15 we show the integral of the absolute value of the differential decay
width. This gives a better indication of the shape differences in the different combinations
of operators since some of them can integrate to zero when the absolute value is not
taken. Furthermore we can see in this table some of the potential sensitivity in the golden
channel to CP violation. Note that there are two sources of CP violation which occur. One
is due to the interference between the A1,2 and A3 tensor structures, while the other
occurs in the interference between the real and imaginary components of the couplings
from different tensor structures.
7Note that there is a conversion done here from the parametrization in [45] to ours.
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Figure 10. Here we plot the relative partial fractions for each possible combination of tensor
structures in eq. (3.1) for the 2e2µ final state. For these partial fractions we take a ‘CMS-like’ phase
space of 40GeV . M1, 12GeV . M2, and
√
s = 125GeV as well as pT` > 20, 10, 7, 7GeV for the
ordering of final state lepton pT and |η`| < 2.4 for their rapidity. They have been normalized to the
standard model value for which we take A1ZZ = 2 and all other couplings zero.
One could also imagine attempting to find different sets of cuts in order to maximize
the contribution of a particular combination of operators. In addition, the sensitivity
between the 2e2µ and 4e/4µ final states may differ depending on the phase space that
is chosen. We leave a detailed investigation of this issue to future work. These tables,
however, obviously only give a partial picture of the sensitivity to the different operator
combinations and are meant to be used only as a guide. Of course when performing
parameter extraction the full kinematic information of the differential decay width is
used. Obviously, for a scalar resonance with a mass much larger or smaller than 125GeV
these numbers can change significantly.
A.2 Doubly differential spectra
In figure 16–17 we show various combinations of the doubly differential spectra for both
the signal and background in the 4e/4µ final state. These are primarily for illustration
purposes, but from these one can get an idea of the correlations between the different
kinematic variables. One can also see from these spectra the strong discriminating
power between the signal and background in the golden channel. For the signal plots in
figure 16 we only show the standard model result for which only A1ZZ is non-zero.
8 The
background spectra are shown in figure 17. For all distributions the phase space is defined
as 4 GeV < M1 < 120 GeV and 4 GeV < M2 < 120 GeV with
√
s = 125 GeV for signal
and background. We also take |η`| < 2.4 and pT` > 2GeV for the lepton rapidity and
8Doubly differential spectra for a variety of other signal hypothesis and phase space cuts as well as other
pairs of variables not shown here can be found on [33, 40].
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Figure 11. Here we plot the relative partial fractions for each possible combination of tensor
structures in eq. (3.1) for the 4e/4µ final state. For these partial fractions we take a ‘CMS-like’
phase space of 40GeV . M1, 12GeV . M2, and
√
s = 125GeV as well as pT` > 20, 10, 7, 7GeV
for the ordering of final state lepton pT and |η`| < 2.4 for their rapidity. They have been normalized
to the standard model value for which we take A1ZZ = 2 and all other couplings zero.
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Figure 12. Here we plot the relative partial fractions for the standard model values including the
Zγ and γγ couplings (A1ZZ = 2, A2Zγ ' 0.007, A2γγ ' −0.008) [45] in the 2e2µ final state. For
these partial fractions we take a ‘CMS-like’ phase space of 40GeV . M1, 12GeV . M2 and√
s = 125GeV as well as pT` > 20, 10, 7, 7GeV for the ordering of final state lepton pT and
|η`| < 2.4 for their rapidity. They have been normalized to the partial width where we take
A1ZZ = 2 and all other couplings zero.
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Figure 13. Here we plot the relative partial fractions for the standard model values including the
Zγ and γγ couplings (A1ZZ = 2, A2Zγ ' 0.007, A2γγ ' −0.008) [45] in the 4e/4µ final state. For
these partial fractions we take a ‘CMS-like’ phase space of 40GeV . M1, 12GeV . M2 and√
s = 125GeV as well as pT` > 20, 10, 7, 7GeV for the ordering of final state lepton pT and
|η`| < 2.4 for their rapidity. They have been normalized to the partial width where we take
A1ZZ = 2 and all other couplings zero.
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Figure 14. Here we plot the relative integrated absolute value of the fully differential decay
rate for each possible combination of vertex structures in eq. (3.1) for the 2e2µ final state. For
these partial fractions we take a ‘CMS-like’ phase space of 40GeV . M1, 12GeV . M2 and√
s = 125GeV as well as pT` > 20, 10, 7, 7GeV for the ordering of final state lepton pT and
|η`| < 2.4 for their rapidity. They have been normalized to the partial width where we take
A1ZZ = 2 and all other couplings zero.
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Figure 15. Here we plot the relative integrated absolute value of the fully differential decay
rate for each possible combination of vertex structures in eq. (3.1) for the 4e/4µ final state. For
these partial fractions we take a ‘CMS-like’ phase space of 40GeV . M1, 12GeV . M2 and√
s = 125GeV as well as pT` > 20, 10, 7, 7GeV for the ordering of final state lepton pT and
|η`| < 2.4 for their rapidity. They have been normalized to the partial width where we take
A1ZZ = 2 and all other couplings zero.
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Figure 16. The doubly differential spectra for a SM signal assuming only A1ZZ is non-zero (i.e.
the SM point). The phase space is defined as 4 GeV < M1 < 120 GeV and 4 GeV < M2 < 120 GeV
with
√
s = 125 GeV and interpreting M1 > M2 when reconstructing the 4e/4µ final state. We also
take |η`| < 2.4 and pT` > 2GeV . From left to right and top to bottom we show the (M1,M2),
(M1,Φ1), (M1,Φ), (M2,Φ1), (M2,Φ), (Φ1,Φ) doubly differential spectra.
transverse momentum. For these distributions we show the (M1,M2), (M1,Φ1), (M1,Φ),
(M2,Φ1), (M2,Φ), (Φ1,Φ) doubly differential spectra.
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Figure 17. The doubly differential spectra for the SM qq¯ → 4e background. The phase space
is defined as 4 GeV < M1 < 120 GeV and 4 GeV < M2 < 120 GeV with
√
s = 125 GeV and
interpreting M1 > M2 when reconstructing the 4e/4µ final state. We also take |η`| < 2.4 and
pT` > 2GeV . From left to right and top to bottom we show the (M1,M2), (M1,Φ1), (M1,Φ),
(M2,Φ1), (M2,Φ), (Φ1,Φ) doubly differential spectra.
A.3 Validation of calculations
In this section we show a validation of the analytic calculations for the golden channel signal
and background. Both the signal and background are validated against the Madgraph result
for the leading order matrix element squared for a large number of random phase space
points. For these comparisons we have generated 100k random phase space points in the
range 5GeV ≤ √s ≤ 1000GeV so these expressions are valid for essentially any scalar
mass and energy range. We show the validation for the 4e/4µ final state, but as discussed
above this is also validates the 2e2µ final state (though it was also explicitly validated
in [33]) which is simply one term in the 4e/4µ matrix element squared.
We first show in figure 18 the validation for the ϕ → 4` calculation of the matrix
element squared obtain in eq. (3.18). We show the validation in two ways. In the top plot
we show the Log(|M |2) for a large number of random phase space points and plot the two
results on top of one another. The Madgraph result is shown in red while the analytic
result is shown in yellow. The two results are indistinguishable from one another and thus
the two distributions sit on top of each other leading to the orange color seen.
In the bottom plot we show the fractional difference in their matrix elements squared
for the same set of phase space points. The agreement is perfect up to very tiny differences
due to numerical precision when evaluating the matrix elements squared for specific
phase space points. To obtain the matrix element squared from Madgraph we have
implemented the Lagrangian in eq. (3.3) (or equivalently vertex in eq. (3.1)) into the
FeynRules/Madgraph [34, 35] framework. We have chosen all of the Anij couplings to
have random non-zero values for both their real and imaginary parts. Thus the complete
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Figure 18. Here we compare the Madgraph matrix element squared and the analytic result ob-
tained in eq. (3.18) for the ϕ → 4` signal. In the top plot shot we show the Log(|M |2) for a large
number of random phase space points and plot the two results on top of one another. The Madgraph
result is shown in red while the analytic result is shown in yellow. The two results are indistinguish-
able from one another and thus the two distributions sit on top of each other leading to the orange
color seen. In the bottom plot we show the fractional difference in their matrix elements squared for
the same set of phase space points. The tiny differences seen are due to numerical precision when
evaluating the matrix elements squared for specific phase space points.
expression including all tensor structures in eq. (3.1) and their interference has been
validated. One can now easily obtain any expression which includes a subset of the possible
tensor structures by simply setting the unwanted Anij to zero.
In figure 19 we show the same validations for the leading order qq¯ → 4` back-
ground again validated against the Madgraph result. Again we see essentially perfect agree-
ment. See also [33] for how the different components of the qq¯ → 4` depend on √s. We
also provide there an analytic expression for the dominant component which has been
integrated over all angles and can be used for performing simplified studies.
For further valuations of the signal and background expressions including the phase
space, see [30, 33], and [31] where the various 1D projections are shown. In [40] we also
provide the various expression available for download.
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Figure 19. Here we compare the Madgraph matrix element squared and the analytic result ob-
tained in eq. (4.28) for the qq¯ → 4` background. In the top plot shot we show the Log(|M |2) for
a large number of random phase space points and plot the two results on top of one another. The
Madgraph result is shown in red while the analytic result is shown in yellow. The two results are
indistinguishable from one another and thus the two distributions sit on top of each other leading
to the orange color seen. In the bottom plot we show the fractional difference in their matrix ele-
ments squared for the same set of phase space points. The tiny differences seen are due to numerical
precision when evaluating the matrix elements squared for specific phase space points.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
References
[1] ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].
[2] CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].
[3] C.A. Nelson, Correlation between decay planes in Higgs boson decays into W pair (into Z
pair), Phys. Rev. D 37 (1988) 1220 [INSPIRE].
– 34 –
J
H
E
P04(2014)057
[4] A. Soni and R.M. Xu, Probing CP-violation via Higgs decays to four leptons, Phys. Rev. D
48 (1993) 5259 [hep-ph/9301225] [INSPIRE].
[5] D. Chang, W.-Y. Keung and I. Phillips, CP odd correlation in the decay of neutral Higgs
boson into ZZ, W+W−, or tt¯, Phys. Rev. D 48 (1993) 3225 [hep-ph/9303226] [INSPIRE].
[6] V.D. Barger, K.-M. Cheung, A. Djouadi, B.A. Kniehl and P.M. Zerwas, Higgs bosons:
intermediate mass range at e+e− colliders, Phys. Rev. D 49 (1994) 79 [hep-ph/9306270]
[INSPIRE].
[7] T. Arens and L.M. Sehgal, Energy spectra and energy correlations in the decay
H → ZZ → µ+µ−µ+µ−, Z. Phys. C 66 (1995) 89 [hep-ph/9409396] [INSPIRE].
[8] S.Y. Choi, D.J. Miller, M.M. Muhlleitner and P.M. Zerwas, Identifying the Higgs spin and
parity in decays to Z pairs, Phys. Lett. B 553 (2003) 61 [hep-ph/0210077] [INSPIRE].
[9] C.P. Buszello, I. Fleck, P. Marquard and J.J. van der Bij, Prospective analysis of spin- and
CP-sensitive variables in H → ZZ → `+1`−1`+2`−2 at the LHC, Eur. Phys. J. C 32 (2004)
209 [hep-ph/0212396] [INSPIRE].
[10] R.M. Godbole, D.J. Miller and M.M. Muhlleitner, Aspects of CP-violation in the HZZ
coupling at the LHC, JHEP 12 (2007) 031 [arXiv:0708.0458] [INSPIRE].
[11] V.A. Kovalchuk, Model-independent analysis of CP-violation effects in decays of the Higgs
boson into a pair of the W and Z bosons, J. Exp. Theor. Phys. 107 (2008) 774 [INSPIRE].
[12] Q.-H. Cao, C.B. Jackson, W.-Y. Keung, I. Low and J. Shu, The Higgs mechanism and
loop-induced decays of a scalar into two Z bosons, Phys. Rev. D 81 (2010) 015010
[arXiv:0911.3398] [INSPIRE].
[13] Y. Gao et al., Spin determination of single-produced resonances at hadron colliders, Phys.
Rev. D 81 (2010) 075022 [arXiv:1001.3396] [INSPIRE].
[14] A. De Rujula, J. Lykken, M. Pierini, C. Rogan and M. Spiropulu, Higgs look-alikes at the
LHC, Phys. Rev. D 82 (2010) 013003 [arXiv:1001.5300] [INSPIRE].
[15] J.S. Gainer, K. Kumar, I. Low and R. Vega-Morales, Improving the sensitivity of Higgs boson
searches in the golden channel, JHEP 11 (2011) 027 [arXiv:1108.2274] [INSPIRE].
[16] B. Coleppa, K. Kumar and H.E. Logan, Can the 126 GeV boson be a pseudoscalar?, Phys.
Rev. D 86 (2012) 075022 [arXiv:1208.2692] [INSPIRE].
[17] S. Bolognesi et al., On the spin and parity of a single-produced resonance at the LHC, Phys.
Rev. D 86 (2012) 095031 [arXiv:1208.4018] [INSPIRE].
[18] D. Stolarski and R. Vega-Morales, Directly measuring the tensor structure of the scalar
coupling to gauge bosons, Phys. Rev. D 86 (2012) 117504 [arXiv:1208.4840] [INSPIRE].
[19] R. Boughezal, T.J. LeCompte and F. Petriello, Single-variable asymmetries for measuring
the ‘Higgs’ boson spin and CP properties, arXiv:1208.4311 [INSPIRE].
[20] A. Belyaev, N.D. Christensen and A. Pukhov, CalcHEP 3.4 for collider physics within and
beyond the Standard Model, Comput. Phys. Commun. 184 (2013) 1729 [arXiv:1207.6082]
[INSPIRE].
[21] P. Avery et al., Precision studies of the Higgs boson decay channel H → ZZ → 4` with
MEKD, Phys. Rev. D 87 (2013) 055006 [arXiv:1210.0896] [INSPIRE].
[22] J.M. Campbell, W.T. Giele and C. Williams, Extending the matrix element method to
next-to-leading order, arXiv:1205.3434 [INSPIRE].
[23] J.M. Campbell, W.T. Giele and C. Williams, The matrix element method at next-to-leading
order, JHEP 11 (2012) 043 [arXiv:1204.4424] [INSPIRE].
– 35 –
J
H
E
P04(2014)057
[24] T. Modak, D. Sahoo, R. Sinha and H.-Y. Cheng, Inferring the nature of the boson at
125–126 GeV, arXiv:1301.5404 [INSPIRE].
[25] Y. Sun, X.-F. Wang and D.-N. Gao, CP mixed property of the Higgs-like particle in the decay
channel h→ ZZ∗ → 4l, arXiv:1309.4171 [INSPIRE].
[26] J.S. Gainer, J. Lykken, K.T. Matchev, S. Mrenna and M. Park, Geolocating the Higgs boson
candidate at the LHC, Phys. Rev. Lett. 111 (2013) 041801 [arXiv:1304.4936] [INSPIRE].
[27] I. Anderson et al., Constraining anomalous HVV interactions at proton and lepton colliders,
Phys. Rev. D 89 (2014) 035007 [arXiv:1309.4819] [INSPIRE].
[28] M. Chen et al., The role of interference in unraveling the ZZ-couplings of the newly
discovered boson at the LHC, Phys. Rev. D 89 (2014) 034002 [arXiv:1310.1397] [INSPIRE].
[29] G. Buchalla, O. Cata` and G. D’Ambrosio, Nonstandard Higgs couplings from angular
distributions in h→ Z`+`−, arXiv:1310.2574 [INSPIRE].
[30] Y. Chen et al., 8D likelihood effective Higgs couplings extraction framework in the golden
channel, arXiv:1401.2077 [INSPIRE].
[31] Y. Chen et al., Technical note for extracting Higgs effective couplings framework, technical
note, in preparation (2013).
[32] P. Artoisenet et al., A framework for Higgs characterisation, JHEP 11 (2013) 043
[arXiv:1306.6464] [INSPIRE].
[33] Y. Chen, N. Tran and R. Vega-Morales, Scrutinizing the Higgs signal and background in the
2e2µ golden channel, JHEP 01 (2013) 182 [arXiv:1211.1959] [INSPIRE].
[34] N.D. Christensen and C. Duhr, FeynRules — Feynman rules made easy, Comput. Phys.
Commun. 180 (2009) 1614 [arXiv:0806.4194] [INSPIRE].
[35] J. Alwall et al., MadGraph/MadEvent v4: the new web generation, JHEP 09 (2007) 028
[arXiv:0706.2334] [INSPIRE].
[36] A. Falkowski, F. Riva and A. Urbano, Higgs at last, JHEP 11 (2013) 111 [arXiv:1303.1812]
[INSPIRE].
[37] M. Jamin and M.E. Lautenbacher, TRACER: version 1.1: a Mathematica package for
gamma algebra in arbitrary dimensions, Comput. Phys. Commun. 74 (1993) 265 [INSPIRE].
[38] S. Wofram, Mathematica: technical computing software, (2012).
[39] D. Binosi, J. Collins, C. Kaufhold and L. Theussl, JaxoDraw: a graphical user interface for
drawing Feynman diagrams. Version 2.0 release notes, Comput. Phys. Commun. 180 (2009)
1709 [arXiv:0811.4113] [INSPIRE].
[40] Y. Chen and R. Vega-Morales, Scrutinizing the golden channel website,
http://yichen.me/project/GoldenChannel/, (2013).
[41] Particle Data Group collaboration, K. Nakamura et al., Review of particle physics, J.
Phys. G 37 (2010) 075021 [INSPIRE].
[42] C. Zecher, T. Matsuura and J.J. van der Bij, Leptonic signals from off-shell Z boson pairs at
hadron colliders, Z. Phys. C 64 (1994) 219 [hep-ph/9404295] [INSPIRE].
[43] T. Binoth, N. Kauer and P. Mertsch, Gluon-induced QCD corrections to pp→ ZZ → ` ¯`` ′ ¯`′,
arXiv:0807.0024 [INSPIRE].
[44] N. Kauer and G. Passarino, Inadequacy of zero-width approximation for a light Higgs boson
signal, JHEP 08 (2012) 116 [arXiv:1206.4803] [INSPIRE].
[45] I. Low, J. Lykken and G. Shaughnessy, Have we observed the Higgs (imposter)?, Phys. Rev.
D 86 (2012) 093012 [arXiv:1207.1093] [INSPIRE].
– 36 –
